Abstract: Holocene glacial variations of a presently ice-free cirque in western Spitsbergen are inferred from sediment records from the proglacial lake Linnévatnet. Glaciation is indicated in the core records by increased intensity of laminae derived from the cirque inflow and by increase in sediment accumulation rate. Radiocarbon ages on terrestrial plant macrofossils limit the onset of glaciation in the cirque to within the last six centuries. No evidence for earlier glaciation is recognized in the core records, indicating that the threshold for glaciation in the cirque was not reached during prior Neoglacial advances. Local climate events favouring glacier expansion were either of greater magnitude or of longer duration during the 'Little Ice Age' than at any other time during the Holocene.
Introduction
Arctic regions are particularly sensitive to climate changes, and records of glacier fluctuations are often used to infer past climate. Glacial deposits are the most direct evidence of glacier activity; however, these records tends to be fragmentary owing to obliteration of older deposits by more recent glacial advances (Gibbons et al., 1984) . A less direct, but potentially more continuous record of glacial fluctuations is recorded in downvalley lakes (e.g., Karlén, 1973; Smith, 1981; Gilbert and Church, 1983; Leonard, 1986; Lemmen et al., 1988; .
In Svalbard, studies of moraine records indicate a relatively warm early and middle Holocene when glaciers were absent or reduced followed by increasing glaciation in the late Holocene (e.g., Baranowski and Karlén, 1976; Werner, 1993; Ronnert and Landvik, 1993) . In most locations, the most extensive glaciation is attributed to the 'Little Ice Age' (Werner, 1993) . Previous work on Linnévatnet (Figures 1 and 2 ) (Svendsen et al., 1987; 1989; Werner, 1988; Mangerud and Svendsen, 1990; Svendsen and Mangerud, 1992; 1997) indicates that the Linné Valley was icefree during the early and middle Holocene, that local glaciers started to form 4000-5000 years ago, and that the most extensive glacial advances occurred during the 'Little Ice Age'. This study further constrains the relative magnitude and timing of late-Holocene climate change by reconstructing glacial activity of a single cirque glacier in western Spitsbergen. Small glaciers may have a relatively short response time to climatic changes. The studied cirque, situated less than a kilometre away from the edge of Linnévatnet, presently contains only remnant stagnant ice. However, prominent ice-cored moraines in front of the cirque indicate recent glacier activity. The Holocene glacial history of this cirque is inferred from sedimentological changes in lakesediment cores proximal to meltwater inflow. Chronological control for this record is provided by accelerator mass spectrometry (AMS) radiocarbon dating of terrestrial plant macrofossils found in the cores. currently fed by meltwater from a valley glacier system, Linnéb-reen, and several smaller side-valley glaciers.
After deglaciation, the basin was an arm of Isfjorden and subsequently emerged to form a lake as a result of isostatic uplift. Landvik et al. (1987) document a drop in relative sea level of 60 m over the last 12 000 years as crustal rebound outpaced eustatic sea-level rise. A prominent marine terrace which crosses the mouth of the Linné Valley indicates an approximate age of 9500 BP for this event (Sandahl, 1986) . This age is consistent with radiocarbon ages of paired molluscs from the youngest marine beds in recovered sediment cores from the lake (Werner, 1988; Mangerud and Svendsen, 1990) . Subsequent to basin isolation, the lake outlet downcut through unconsolidated marine sediment to a lake level of 12 m where more resistant bedrock or till stabilized the outlet.
The lake bottom is divided into several individual basins (Figure 3) . The main basin is about 35 m deep in the north-central part of the lake. The south end of the lake is relatively shallow and irregular owing to a large bedrock sill which rises above the lake to form a small elongate island. This bathymetric ridge divides the south end of the lake into two small subbasins. The east basin is 1.5 km long by 0.5 km wide and 16 m deep. In contrast, the west basin is smaller, more flat-bottomed, and shallower (11 m). Both basins are enclosed by a rise of about 1 m before opening into the main basin. The thickest accumulation of lacustrine sediment, mapped by acoustic profiling, occurs in the south end of the lake proximal to the main inflow streams (Svendsen et al., 1989) . Lacustrine sediment thickness is greater to the east of the Linnéelva (Linné River) inflow, indicating a counterclockwise circulation in the lake.
Sediment sources
Sediment entering Linnévatnet is derived from four distinct source areas (Figures 4 and 5 ). At present, the largest source of sediment to the lake is inflow from Linnéelva. This river drains an area of approximately 27 km 2 , including Linnébreen and several smaller glaciers. Linnébreen primarily erodes lower Carboniferous rocks which contribute detrital coal, characteristic of sediment from this source. Sediment samples from Linnéelva have moderate carbonate content (3-6%).
Just to the east of the Linnéelva inflow, an alluvial fan contributes directly to the lake and to Linnéelva. This fan receives drainage primarily from snowmelt and groundwater flow. Ice accumulated around a thermal spring during winter contributes additional meltwater to the alluvial fan. Gypsum associated with groundwater discharge is deposited in small patches up to the edge of the lake (Åkerman, 1983) . Sediment samples from the alluvial Figure 3 Bathymetric map of Linnévatnet at 5 m intervals constructed from echo-sounding profiles (from Svendsen et al., 1989). fan contain high carbonate (10-40%) from the erosion of limestone and dolomite from the Carboniferous Nordenskiöldbreen Formation, but contain low amounts of coal (Ͻ1%).
The steep hillslopes to the east and west of the lake contain many rivulets which drain directly to the lake. Streams from the east of the lake carry sediment high in carbonate (one sample 13.5%), while streams from the west possess only trace amounts of carbonate (Ͻ2%). Individually, these streams appear to transport insignificant amounts of sediment to the lake compared to the other three sediment sources discussed above.
On the west side of the lake, a small cirque drains directly into the lake (Figure 4) . Although the cirque is not presently glaciated, massive, lichen-free, ice-cored moraines in front of the cirque indicate the presence of a glacier during the late Holocene. Drainage from the cirque is distributed onto an alluvial fan which forms a small delta along the southwest shore of the lake. Sediment from this source is dominated by metamorphic lithic fragments from erosion of phyllites of the Precambrian-Ordovician Hecla Hoek Complex. Sediment samples from this source contain moderate amounts of carbonate (3-6%) but only trace amounts of coal (Ͻ0.2%).
Climate and vegetation
The climate of Svalbard is more moderate than other areas of similar latitude due to the west-Spitsbergen current (a branch of the North Atlantic current) in the Norwegian-Greenland Sea and by the frequent passage of storms from the south over the Svalbard area (Hisdal, 1985) . At Isfjord Radio, 3.5 km northwest of Linnévatnet, the mean air temperature (1951-75) is 4.7°C for July and -11.5°C for January, and the mean annual precipitation is 43.5 cm (Steffensen, 1982) . Vegetation in the vicinity of Linnév-atnet is tundra within the Dryas octopetala zone of Brattbakk (1986) . The lake is covered with ice from approximately late September to late July.
Methods
Coring and sediment analyses Sediment cores of 6 and 11 cm diameter were collected using a conventional piston corer from the ice surface during the spring of 1986. Coring focused on the southern end of the lake in proximity to inflow streams ( Figure 4) . Details of the coring and subbottom profiling are provided in Svendsen et al. (1987; 1989) . This study focuses on interpretation of cores recovered from the lake's west basin. Cores from the east basin have been used to reconstruct variations of the main valley glacier, Linnébreen (Svendsen and Mangerud, 1997) .
Cores were transported to the University of Colorado and the University of Bergen for analyses. Unopened cores were x-rayed and split for sediment analyses. Carbonate content was measured with a Chittick apparatus (Dreimanis, 1962) , and organic matter content was determined by chromic acid titration (Walkley and Black, 1934). Coal content was measured by weighing coal separated by flotation in 2.3 g/ml sodium polytungstate. Laminae thickness and location were determined on the core surface using measuring calipers. From these measured laminae thicknesses, a laminae index was calculated at 1 cm increments using a weighted average of coarse laminae percent occurrence over a 2.5 cm core interval.
Radiocarbon dating
Six radiocarbon ages were obtained on plant fragments isolated from the west-basin cores (Table 1) . Additional radiocarbon ages obtained on bulk organic matter and organic concentrates were found to be too old due to both coal contamination and hard-water effect (Bøyum and Kjensmo, 1980; Snyder et al., 1994) and are not included in this paper. Plant fragments (a mixture of terrestrial plant species) are concentrated in relatively coarse-grained sediment laminae inferred to be deposited by underflow currents from the main lake inlets. Several large moss fragments were identified as terrestrial species (D. Vitt, personal communication). However, the majority are small taxonomically unidentifiable stem and leaf fragments. The interpretation of these fragments as being solely terrestrial in origin is supported by the lack of any macroscopic aquatic plants growing in the lake at the present time and the inferred mode of their deposition (underflow currents from inflow streams). Table 1 List of radiocarbon ages on terrestrial plants from core 04. Calibrations are from CALIB 4.0 (Stuiver and Reimer, 1993; Stuiver et al., 1998) 
Results

General core stratigraphy
The majority of the recovered cores penetrated both lacustrine and marine sediment. The lacustrine sediment is composed predominantly of laminated silt and clay with occasional coarser material and can be readily differentiated from the underlying massive, bioturbated marine sediment. The thickness of lacustrine sediment in recovered cores ranges from approximately 2 to 10 m, with up to 3.5 m from the lake's west basin. Of the west-basin cores, core 04 ( Figure 6 ) contains the most material for radiocarbon dating, and based on physical correlation, this chronology is extended to the other cores.
West-basin cores
The basal marine sediment is bioturbated silt and clay with sporadic coarser material. The marine origin of this unit is indicated by abundant foraminifera and marine bivalves. Mangerud and Svendsen (1990) subdivide the marine sediment into several additional facies based primarily on grain size. The most distinct downcore changes in the lacustrine sediment are variations in the character and concentration of laminae. The lowermost lacustrine sediment (except core 4) is characterized by a 5-10 cm layer of particularly fine laminae. These laminae most likely formed during an interval of meromixis characteristic of Figure 6 Summary of radiocarbon ages, downcore properties, and inferred chronological model of core 04. Lamination index reflects the proportion of coarse laminae relative to fine-grained sediment averaged over a 2.5 cm core interval (see text). Radiocarbon ages are plotted with their 2 calibrated age ranges. The age of 9600 yr BP (reservoir corrected) for the marine-lacustrine transition is derived from multiple radiocarbon ages on marine molluscs from other cores.
recently isolated lake basins (e.g., Strøm, 1936; Retelle, 1986) . Above this transition zone is an interval of particularly sparse laminae. In the mid-sections of the cores, sporadic light-coloured silty laminae occur in the relatively dark silty clay and clayey silt (Figure 7 ). Coarse-grained laminae dominate the top portions of the cores (Figure 8 ). Individual lamina thicknesses range from about 0.1 mm to about 20 mm. Total lamina counts in this zone range from about 350 in the most proximal core 04 to about 70 in the most distal core 02. Many of these laminae are coarser grained than the underlying sporadic laminae. Some laminae in the upper portions of the more proximal cores have as much as 50% sand.
Each of the west-basin cores also exhibits a similar variation in downcore carbonate content. Immediately above the marinelacustrine transition, carbonate content is particularly low. Sporadic concentrations of detrital dolomite begin in the poorly laminated zone and extend into the lowest part of the sporadic laminae zone (Figure 6 ). These concentrations decline to a consistent low level, below 2%. Carbonate content increases again slightly in the intensely laminate zone of the core tops.
Ridge cores
Cores 07 and 08, recovered from the bathymetric high between the east and west basin, contain a distinct stratigraphy. The total carbonate composition of the sediment mirrors the west-basin cores. However, the light-coloured, coarse-grained laminae are absent.
Laminae mineralogy and provenance
Coarse-grained laminae from the Linnéelva inflow and from the west-basin cirque inflow have distinct lithologic characteristics, reflecting differences in bedrock in their source areas (Table 2) . West-basin-cirque laminae are dominated by metamorphic lithic fragments and contain only trace amounts of coal. In contrast, Linnéelva laminae are characterized by high coal content and relatively abundant mono-mineralic grains. Both lamina groups have similar moderate carbonate values. Identification of lamina types is facilitated by colour contrast resulting from these lithologic differences.
The majority of coarse-grained laminae in the west-basin cores are of west-basin-cirque inflow affinity. Laminae derived from Linnéelva appear in clusters within the upper intensely laminated zone. Only one Linnéelva lamina is identified below the upper intensely laminated zone. West-basin cirque inflow laminae are absent in cores from the bathymetric high (cores 7 and 8), suggesting that these laminae are deposited by underflow currents. This deposition mechanism is further supported by sediment structures indicative of bottom currents, and this process was observed in the field during the summer melt season. In contrast, laminae from the Linnéelva source are present in cores from the ridge separating the two basins, suggesting an interflow or overflow mechanism for these laminae.
The identity of laminae sources and their specific mineralogy explains some of the general trends in west-basin core composition. The slightly elevated carbonate content of the core tops can be attributed to west-basin cirque inflow laminae. Likewise the decrease of coal in this zone reflects the dominance of sediment input from the low coal west-basin-cirque inflow. The highcarbonate interval lower in the cores does not correlate to a particular laminae zone and may reflect a relative increase in sediment from carbonate bedrock of hillslopes along the east side of the lake and a reduced dilution of this sediment by the lower carbonate Linnéelva and west-basin-cirque inflow. This assumption is supported by higher carbonate content in the lower part of the lacustrine sequence of east-basin cores proximal to the carbonate alluvial fan (Svendsen and Mangerud, 1997) .
Intercore correlation
Correlations of laminae between west-basin cores indicate that major changes in laminae concentration and sediment mineralogy represent approximately synchronous basinwide sedimentation events (Figure 9 ). In the lower, sporadically laminated sections of the cores, laminae are correlated between nearby cores on the basis of easily recognizable patterns. In the upper sections of the cores, lamina patterns are more complicated by high-frequency, non-correlatable laminae. Nevertheless, correlations can still be made based on patterns of the rare but distinctive Linnéelva lithology laminae. Furthermore, a distinct layer of fine-grained dark sediment accompanies a cluster of these laminae in each of the west-basin cores. Samples of correlative laminae have similar physical and lithologic characteristics. Two pairs of sampled correlative laminae have strikingly similar grain-size distributions, with samples from more distal cores being slightly depleted in coarse grain sizes. Coal and carbonate content of correlative laminae are identical within the precision of the analyses.
The distribution of correlatable and non-correlatable laminae implies differences in the spacial distribution of individual laminae within the west basin. Several laminae may be correlated across almost the entire basin (cores 02, 07, 08, 09 and 10). However, in the most proximal cores (04, 09), many coarse-grained laminae have no lateral or distal equivalents, and are thus more localized phenomena.
Radiocarbon chronology and sedimentation rates
Five AMS-radiocarbon ages provide a chronology for core 04 (Table 1) , and coupled with correlative laminae patterns these ages allow a chronology to be developed for sedimentological changes throughout the west basin ( Figure 6 ). For all cores, the core top is assumed to be 0 cal. BP, and the marine-lacustrine transition is assumed to be 10 300 cal. BP, based on radiocarbon ages from other cores (Werner, 1988; Mangerud and Svendsen, 1990) . In core 04, three radiocarbon ages provide chronological control for the upper core section. The 2 range of all three of these ages, when calibrated, extends to 0 cal. BP. The lower calibration range of the sample at 69 cm provides a maximum age of 470 cal. BP for this core level. From this maximum age, the actual age of the onset of intense laminae is estimated at 400 cal. BP.
Two additional radiocarbon ages constrain the chronology of lower core sections. Using calibrated ages, a sedimentation rate of 4.2 cm/100 yr is calculated between the two samples at 114 and 230 cm. Extrapolation of this sedimentation rate upward suggests that sedimentation rate may decrease between 114 and 70 cm, although uncertainties in the radiocarbon ages may account for some of this apparent sedimentation rate change. Lower in the cores, the chronology is less certain because of a lack of radiocarbon ages. Additional chronological control is provided by the date of the lacustrine marine transition (10 300 cal. BP) and downward extrapolation of the middle-core sedimentation rate. By correlation to the east-basin records, a lower sedimentation rate is inferred before about 5000 cal. BP, and a higher sedimentation rate is inferred immediately above the marine-lacustrine transition (Snyder et al., 1994; Svendsen and Mangerud, 1997) . Sediment flux, calculated from dry bulk density and the chronological model, varies within different core intervals and among cores. Highest sediment flux is found at the top of core 04 where the accumulation rate is six times greater than lower core intervals ( Figure 6 ). This calculated difference would be greater if the onset of intense laminae is actually later than the estimated 400 cal. BP.
Discussion
Glaciation history
The sediment stratigraphy in the west basin of Linnévatnet reflects the variability in its dominant sediment sources and allows reconstruction of glaciation in the adjacent cirque for the past 10 000 cal. BP. Lithologically distinct sediment source areas in the Linné Valley combined with a strong counter-clockwise circulation in the lake makes this relationship particularly strong. Enhanced lamina deposition is inferred to result from an increase in sediment-laden meltwater resulting from glaciation within the cirque. The dominant mechanism of deposition of these laminae is underflow gravity currents. These currents are enhanced by increased suspended sediment carried by meltwater streams (e.g., Fountain and Tangborn, 1985) . Lamina deposition becomes more seasonal; approximately 350 laminae occur in the intense laminae interval of the most proximal core. This seasonality suggests a more consistent meltwater supply, as expected from a glacial source (Smith, 1978; 1981; Smith et al., 1982) . A recent increase in rate of sediment accumulation reflects enhanced delivery of sediment to the lake resulting from glacial erosion. The increase in sedimentation rate at this boundary ranges from nearly three-fold in the most distal core (02) to slightly over six-fold in the most proximal core (04). The higher sedimentation in this interval is accompanied by a dominance of coarse-grained laminae which are assumed to be deposited rapidly.
Dating of the lacustrine record limits significant glacial activity in the cirque to approximately the last four centuries. Thus, this activity is attributed to the 'Little Ice Age' climate event. Because of uncertainties in radiocarbon dating during this time interval, the inferred onset of glaciation in the cirque may be younger than 400 cal. BP assumed from the chronological model. Using the maximum calibrated age for the sample at 69 cm in core 04 and extrapolating downward to 80-90 cm (the onset of intense laminae), the inferred onset of glaciation in the cirque might be as early as 600 cal. BP. The cirque was apparently deglaciated prior to isolation of the lake 10 300 cal. BP, and the cirque remained free of actively eroding ice until the 'Little Ice Age'.
The equilibrium line altitude (ELA) for the 'Little Ice Age' maximum for the cirque is determined by reconstruction of the glacier using topographic maps and aerial photographs. From this reconstruction, an equilibrium line altitude of between 230 and 280 m a.s.l. is determined using an assumed 0.6 accumulation area ratio (Porter, 1975) . This value is similar to estimates for the 'Little Ice Age' ELA for Linnébreen (Mangerud and Svendsen, 1990) . They infer at most a few tens of metres of ELA rise for Linnébreen since the 'Little Ice Age' maximum. This ELA rise is, however, sufficient to completely melt the west-basin cirque glacier. At the present time, the west-basin cirque is virtually free of ice. However, the glacier may have completely melted only within the last few decades, as topographic maps from the 1930s indicate a glacier within the cirque.
Evidence for pre-'Little Ice Age' glacier activity in the westbasin cirque is absent in the lacustrine record. Slight lamina concentrations prior to the 'Little Ice Age' are dated to approximately 1800-2600, 3800-4000 and 5000-6000 yr BP. These lamina concentrations may result from increased winter snow or incipient ice accumulation or increased summer precipitation, rather than significant glacier growth. The west-basin cores indicate that the cirque glacier formed more than 4000 years later than the onset of glaciation for Linnébreen inferred from the east-basin records (Svendsen and Mangerud, 1997) . Earlier-Holocene climate changes favouring glacier expansion were either of lesser magnitude or lesser duration than those of the 'Little Ice Age'.
Variations in sediment properties also occur within the upper glacial core zone. Intervals with fewer cirque inflow laminae tend to have more material derived from the main inflow to the lake. Thus, apparent lapses in activity of the cirque inflow may reflect dilution from a more active main inflow from Linnébreen. Furthermore, it is difficult to decipher the differences between glacier growth and glacier melt phases, both of which may enhance sedimentation rate (Lister, 1984) . Each of the four west-basin cores shows a decrease in laminae in the core tops. However, none of the cores indicate a return to non-glacial sediments after the 'Little Ice Age'. This is expected because drainage from the cirque is still enhanced by melting of remnant stagnant ice and by abundant unconsolidated and unstable glacial debris.
Comparison to other records
In Svalbard, as in other areas of Scandinavia, there was a general lowering of ELA and glacial expansion in the late Holocene. The absence of glaciers in the early Holocene has been suggested for some presently glaciated valleys in Norway Dahl and Nesje, 1994; 1996; Nesje et al., 1994; Snowball and Sangren, 1996) . Records from the east basin of Linnévatnet indicate that Linnébreen was absent prior to 4-5 ka (Svendsen and Mangerud, 1997 ). Mangerud and Svendsen infer an ELA about 100-150 m higher than present to account for the complete melting of these glaciers in the early Holocene.
Other records on Svalbard support the notion that the 'Little Ice Age' was the most extensive glacier advance of the late Holocene. According to moraine records, in most localities glaciers overrode their previous earlier Neoglacial moraines during the 'Little Ice Age' (Werner, 1993) . Two phases of moraine stabilization are inferred from lichenometry at about 650 years ago and during the last few centuries (Werner, 1993) . The two-phase 'Little Ice Age' is supported by oxygen isotope records from the Lomonosov ice core from east-central Spitsbergen (Gordiyenko et al., 1980) . Whaling records also support an interval of increased sea ice beginning in the late seventeenth century (Hacquebord, 1984) .
Although the magnitude of ELA depression during the 'Little Ice Age' for Linnébreen is small, the glaciation threshold of the west-basin cirque was only reached during this event. Estimates of 'Little Ice Age' ELA depression in Svalbard range from 100 m (Liestøl, 1988) to only a few tens of metres at Linnébreen relative to a 1930s map (Mangerud and Svendsen, 1990) . Based on the accumulation area ratio method, we estimate an ELA of 230-280 m a.s.l. for the west-basin cirque during the 'Little Ice Age', only slightly lower than the present Linnébreen estimates of 250-300 m a.s.l. (Mangerud and Svendsen, 1990) . Although errors related to reconstruction assumptions and expected ELA variations with glacier aspect and type limit a more precise estimate of 'Little Ice Age' ELA depression (Aa, 1996) , these estimates suggest a sensitive threshold controls ice accumulation in the west-basin cirque.
The cirque glacier may respond to both changes in local summer temperature and winter precipitation. and estimate a 1°C depression during the 'Little Ice Age' in Norway. This estimate assumes glaciers are not sensitive to changes in winter precipitation. Because the importance of winter precipitation on Svalbard glaciers is uncertain, it is difficult to rule out precipitation changes affecting Svalbard glaciers during the 'Little Ice Age'.
Conclusions
Sediment cores from Linnévatnet contain a continuous record of Holocene glaciation of a nearby cirque. These records indicate that the cirque was not glaciated prior to the 'Little Ice Age'. This conclusion supports the notion that conditions for glaciation in Svalbard during the Holocene were most favourable during the 'Little Ice Age'. Comparison of reconstructed ELAs for the cirque during the 'Little Ice Age' and existing glaciers in the Linné Valley indicates only a minor ELA depression during the 'Little Ice Age' relative to present conditions.
